In situ heating of a LiNH 2 -2LiH mixture in an environmental scanning electron microscope ( 
Introduction
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There are extensive efforts underway worldwide to develop inexpensive and practical hydrogen storage materials for the implementation of a hydrogen-based energy economy. Perhaps the most promising candidates are light metal hydrides and their complexes [1, 2] . Amongst these the LiNH 2 -2LiH system is considered a leading candidate (gravimetric hydrogen content of 10.4 wt.% [3] ), satisfying most of the requirements laid out by the US Department of Energy [4] . The dehydrogenation of LiNH 2 -2LiH proceeds 25 as described in Eqs. 1 and 2.
LiNH 2 + 2LiH → Li 2 NH + H 2 + LiH (1) The first dehydrogenation step starts at ~150 o C, however, significant desorption is not apparent until ca.
190 o C [5] . The second step commences around 320 o C; however, H 2 evolution is slow until ~ 420 o C [5] . 5 Li 2 NH + LiH → Li 3 N + H 2 (2)
An important competing reaction exists, in which lithium amide decomposes by releasing ammonia, rather than hydrogen; Eq. 3.
Hu and Ruckenstein demonstrated that in the absence of hydrogen NH 3 reacts with LiH very quickly to form LiNH 2 [6] . The ammonia capture reaction is described by Eq. 4.
NH 3 + LiH→ LiNH 2 + H 2 (4)
Both Hu and Ruckenstein [6] and Ichikawa et al. [7] concluded that hydrogen desorption from LiNH 2 -2LiH is actually mediated by ammonia transfer through the combination of reactions (3) and (4).
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Although the dehydrogenation steps are described by Eqs. 1 and 2, the actual process is significantly more complex, and requires charaterization by multiple analytical techniques. The chemical and structural changes that occur in Li-N-H based systems (e.g. Li 3 N, LiNH 2 and LiNH 2 -LiH) during and after H 2 desorption have been studied using a variety of techniques, including gas chromatography (GC) [5] ;
temperature-programmed desorption (TPD) [5, 8] ; intelligent gravimetric analysis (IGA) [5] ; X-ray 25 diffraction (XRD) [5, [7] [8] [9] [10] [11] [12] ; Fourier-transform infrared spectroscopy (FT-IR) [5] ; thermal gravimetric analysis (TGA) [3, 10] ; scanning electron microscopy (SEM) [11] ; Brunauer-Emmett-Teller surface area analysis (BET) [11] ; thermal desorption mass spectroscopy (TDMS) [5, 7, 12] ; and pressure-composition-3 temperature (PCT) analysis [10] . All of these techniques (apart from SEM) report information about the bulk properties of the sample -either at the macroscopic level, or as a statistical average at the atomic level; hence, they are insensitive to local changes at the micron-to-nanometer scale.
SEM is ideally suited to obtaining local information at this scale. Most SEM images, however, are obtained ex situ on 'frozen' samples. For example, the SEM images obtained for LiNH 2 -2LiH by Hu et al.
5 [11] are ex situ images of the material before and after dehydrogenation. While these are informative, it is more valuable and relevant to observe what happens between these two extreme stages (i.e. during dehydrogenation).
Here we report just such a study: real-time observation by SEM of the desorption of hydrogen and associated morphological changes -in situ -as a sample of LiNH 2 -2LiH is heated. This represents a 10 unique analytical technique for characterizing and visualizing H 2 desorption as a function of temperature and time.
Experimental
LiNH 2 -2LiH was prepared by direct hydrogenation of Li 3 N (STREM; 99.5%); used as received. were heated at variable rates at the discretion of the operator. As the samples were heated , the VCR system recorded the ESEM image signal in real time; static images were periodically obtained. The video significantly augments the information provided here: it clearly shows that dehydrogenation is not a static process, but a very dynamic and animated one involving considerable structural and morphological changes.
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A series of static images taken during the experiment are presented in Figure 1 . desorption temperature observed in this study corresponds well with the onset temperature measured by other analytical techniques [5] . As the temperature is increased the particles expand, presumably caused by an increase in the internal pressure due to gas evolution. Some particles rupture, releasing the hydrogen gas trapped inside. This reveals the material to be somewhat elastic, and able to contain internally an appreciable amount of evolved H 2 . Particles appear to swell and eventually rupture. A ruptured particle is associated with 20 an increase in brightness in the ESEM image, most likely due to the local release of hydrogen which is ionized by the incident electron beam and briefly increases the electron signal. If hydrogen evolution is indeed the cause of the increase in brightness, this represents a convenient method for tracking the local (μm scale) release of hydrogen.
Different particles appear brighter at different times. This may depend on the internal structure of the particle 25 and its ability to contain the evolved H 2 . It is unclear why some particles glow, while others simply rupture.
Clearly the dehydrogenation process at the m scale is complicated and warrants more detailed study. Particles sometimes rupture explosively, and often disappear from the field of view. After a particle has ruptured a residual shell is often left behind. An example of such a ruptured particle is evident in Figure 1b presumably corresponding to the release of a large amount of H 2 . This event clearly corresponds with the second hydrogen desorption stage of LiNH 2 -2LiH (Eq. 2), and the temperature agrees again with previous studies [5] . As the temperature continues to increase, the material develops deep crevices and becomes pitted. The remnants of the ruptured particles leave a 'broken eggshell' structure behind ( Figure 1c) . As the temperature is increased further this eggshell structure evolves again -this time producing a micro-crystalline structure that 15 overlays the eggshell framework. The crystallites grow larger as the temperature is increased (Figure 1d ). The temperature of the material in Figure 1d is actually lower than that in Figure 1c , because the image was lost above ~ 540 o C and the heater had to be turned off to recover the image.
This study reveals that LiNH 2 -2LiH is not a rigid material, but a surprisingly elastic medium capable of stretching and accommodating gaseous hydrogen. Individual particles expand and rupture in a manner reminiscent of a 20 popping balloon. It appears that the polymeric and fluid characteristics of the material allow rapid rearrangement to occur during the dehydrogenation process. This study thus sheds important light on the mechanics of the dehydrogenation process and may help to explain the mass-transfer processes which occur to allow a two-phase chemical system to change into a single-phase product during dehydrogenation.
To the best of our knowledge, this is the first real-time in situ heating study of hydrogen desorption from an amide-based hydrogen storage material by ESEM. The high resolution of the technique and in situ heating technique resulted in real-time images of the morphological and phase changes as a function of time and temperature. Hydrogen desorption temperatues measured in this experiment correspond well with those reported elsewhere using complementary analytical techniques. This study has shown that the 5 decomposition process is very animated. It is not a benign outgassing, but instead involves aggressive structural rearrangement and phase changes that correspond to rapid and large-scale mass transfer. LiNH 2 -2LiH is not a stiff and rigid inorganic material but an elastic and fluidic substance, which is able to contain significant amounts of hydrogen gas internally before rupturing. We have observed the structural evolution of the material during dehydrogenation and at the microscopic level, in real-time. A time-10 resolved movie clearly showing the decomposition stages discussed in this paper is available at:
http://www.unb.ca/fredericton/science/chem/smcgrady/news/index.html 
